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TECHNICAL NOTE No. 1145 S

THE PROBLEM OF NOISE FEDUCTION %ITH
REFERENCE T0 LIGET AIRPLANES
By Theodore Theodorsen and Arthur A. Regler

SUMMARY

Experimwents by Deming at the Langley Memorial
Aeronautical Laboratory confirm completely the formulae
of Gutin, which permlits the convenient calculation of
the sound level of any airplane propeller at low forward
speeds. A simplification of the Gutin formula has been
achieved by the use of a set of functions giving the
sound level in the direction of maximur intensity. The
sound level can be read from graphs of the functions
for varlous numbers of blades and tip speeds.

Two numerical examples and one experimental example
are included; also, & radical fan-tyve propeller is
tentatlvely trested.

Results of this study show that propeller noise
dominates engine exhaust noise even though the exhaust
noise has a relatively high intensity. It 1s concluded,
therefors, that in order to reduce the outside sound
level of an airplene materially, 1t will be necessary
to modify the propeller to overate at low tlp speeds
and to have a large number of blades The practical use
of this conclusion 18 a matter of considerable technical
complexity involving many compromises. An effective
engline exhaust muffler will also be requlred.

INTRODUCTIOHN o -

The problem of designing airplanes deals chlefly
with cost, performance, stabllity, safety, ard simllar
factors; however, questlons have occasionally been
raised concerning the eliminatlion of alrplane nolse.
This problem must be considered from the standpoint of
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both the alrplane passengers and the people living in

the vicinilty of alrports. The sirports located near
resldential sections ars usually small and can accoumodate
only light alrplanes. The present paper emphasizes tle
gtudy of noise from light ailrplanes.

In 1936 a paper by Gutin waes published (reference 1)
which glves the theorestlical expression for the sound
emission of an airvlane propeller as a functlon of speed,
number of blades, thrust and tordque, end linesar dlmensions
of the propeller. The formula 18, strictly spesaking,
applicable only to the case of & statiocnary propeller; in
other worda, Gutlin dld not include the effect of the
forward or flight speed. .It can be shown, however, that’
the formula is sufficlently sccurate for low forward
speeds to make 1t adequate for application to low-powered
alrplanes. The theoretlcal results of Gutin were con-
firmmed by extensive measurements by Dewming at the
Langley Memorlal Aeronautical Laboratory, part of which
have been reported 1n referencs 2,

The present paper applless the Gutin formula to
several cases of light alrplanss, The formula has been
rewritten in a form convenient for engineering use.

The representative sound level is obtalned by the use
of a single graph.

The humen ear is sensitive to sound ensrgles
renging from about 10-16 watts per square centimeter

to 1074 watts ver square cenbtlmeter, st which level

the sound becomes painful to the llistener. Since ths
power ratio at the two limlts corresponds to a milllon
times a mwillion, acoustical worlers have adopted a
logarithmic scale as a msasure cf sound energy. The
unit of one "declbel" 1s eqgulvalent to m power ratic

cf 1.259, which 1s the antilogarithia of 0.1. The base
level adonted by the Acoustical Socilety of America

(reference 3) is 10~16 watts per square centimeter. The
gsound intensity level hence is glven by the formula

I =10 log1O ——ETZ, decibels (1)
107~ :

where P 18 power in watts psr square centlmeter.,
Conversely, the rate of energy ver sguare centimeter 1s
glven as

2
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I_14) .
P = 10'-lo - watts per square centimeter

and, if I 1s considered as a measn value, the total
ensrgy radlasted per cecond is

43_16) '
E = Lhwi2 x 10(10 watts (2)

whers L 1is the distance from the sourcs.

The sound intensity level may elso be expressed in
terms of tre root-mesn-square pressure of the sound by
uss of the follovwing formulafd [
2
P =— x 10°1T watts ner square ccntimeter

pe ' : T

where the root-mean~sguare prassure p 1is in dynes per
square centimeter, the dansity p 1is in grams per cuble
canbimeter, and the velocity of sound ¢ is in centimeters
per second. TUnder standard condltions the energy level
of 1010 watts ner square centiwetsr corresponds to a
pressure of 0.0002 dyne per square centimeter. Thus the
sound intensity level may bs expressed as '

p

= 20 logyg 0.0002

7 + 20 log,, P decibels (%)

A pressure of one dyne per square centimeter correspords
to 7L decibels., _ -

The following table conveys & concept of the steps
in the sound scale by introducing the effect of dlstance
from & given source and by a corparison with commonly
recognized sound levels: T
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SOUND LEVEL FROM SOURCE OF LlLm WATTS AT VARIQUS
DISTANCES AND COMPARISON WITH KNOWN NOISES

[ﬁbsorpbion, refraction, snd reflection are neélecte@]

Distance ’ Sound level

.Kilometers Miles - Feet. Decibels|Reference standards
1/100 22,811 100 Flevated trains
1/10 328.08 80 Printing press |
1 0.6213 [3280.8 60 Conversation
10 6.21% Lo Dwelling
106 62.13 20
1000 621.3 0 Threshold

SOUND THEORY

The formula for the sound emission from an slrplane
propeller 1s given 1n an important paper by Gutin,which
was published in the Physikallsche Zeitschrift der Sowjet-
union in 1936 {reference 1), as follows: '

- _9nw 2 v
p = 52 oL <—T cos B +-;%§) Jqn (qn gin B E> (L)

In this formula the symbols have the following definitions:

ho] root-mean~-square sound pressure, dynes per sguare
centimeter (bars)

n number of blades

q harmonic of sound

D) speed of revolution, radians per second

Iy
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c velocity of sound, centimeters per second o

L distance from propeller, centimeters

T thrust, dynes

Q moment, dyne~centimeters

B angle from propeller axils (zeroc in front)

R propeller radius (mean value), centimeters

an(x) Bessel fun%tion of ordser gn and argument L
X =qn g sin § — T

v velocity of element of prapeller at 0.8 radius

(mean value), centimeters per second e

Figure 1 shows a typical distribution of the pressure
for the lcwest harmonic of the sound. WNote that the pesak
pressure is near [ =120°, Experiments by Deming (refer-
ence 2) show virtually perfect agreement, particularly
when the proper reference condltions are used.

By use of the 0,3 radius -as the mean radius and by
substitution of the thrust for the torque, the Gutin
formuls may be rewrltten in the simpler form e o

by Ry y S -
P=—=—M_ (17 =—— - cog B} B : {5)
22 L t< M, 2 an ’ .

where

— V -
Bqn = qn..an (qn ry sin 52)

P, = fPZ (full value of rasdius used)
Tth
Ry radius of propeller (full value)
M tip Mach number of blade (rotation only)
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M Mach number of advance or of flow velocity through
propeller disk (Vy/c)
Vo flow veloclty through propeller disk

The conversion factor for p expressed 1n pounds
por asquare foot and in dynes per square centimeter Iis

1 pound per sgquare foot = [78.8 dynes per square centl-
meter (bars)

The formula for p may thersfore be written

Rt / .
p = 169.5pO ET'Mt(z.T_ﬁEZ - cos é) Ban (6)
B

where Py is given in pounds per square foot.

In regard to the quantlty Bqn’ 1t may be noted
that the subscript gn and the argumcent gn g sin B

are related, If fixed values of 1, 0.75, and 0.5 are
chosen for V/¢ and fixed valuss of 900 and 120° are
chosen for the angle (3, the entlire quantity

= v )
Bqn = anqn<qn ) 8in p>

may be plotted against the argument or frequency qn.

By use of the foregolng valuvwes, six curves are cobtained,
each given by a double index V/ec and @, where V/c
is the mean Mach number of the blade and B 1s the angle
measured from the direction of advance as zero. The

8lx curves, sach labeled accordingly, are shown in
figure 2, Since the maximum sound pressure 1s obtalned
at a value of § of approximately 1200, the curve
relating to thls angle generally gives sufficilent
Information on the intenslty, since the pattern on the
whole repsats 1tself around the origin with zero
intensity at 09 and 180° and in the dlrection for which

cos B = 1,7 EME.
“t
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By convention, the root-mean-square pressure of
1 dyne per square centimeter corresponds to a sound
level of 7l decibels and the sound level at a pressure P
in dynes per square centimeter is then -

= 70 + 20 loglo P decibels (3)

In order to obtain the total pressure of sewveral
harmonics, it 1s noted that the energy is proportional
to p=. Since the cross products contribute nothing,
the p2 values of the several harmonics may simply be
added and the square root extracted. The total effective
pressure 1s thus e

Y B2
-
a

and the sound level is

N2

= 74 + 10 log, D . (7)

S
L
q

Only ﬁhe factor Bqn changes with the harmonic (see_
formula (5)); -therefore, ' '

_ Ry M
= 7h + 20 log) ; 169.3p, —* ¥y (1.7 =5 - cos
My

- . 2 ’ ' . ‘ ) )
+ 10 logyq E Byn o _(8)
Q
This formulae may be written

R . ) ———
I=118.6 + 20 logqq P, E? Mt<§.7 TEE -~ cos E)

+ 10 1oglO:E:£qn? | (9)

4 7
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where’ Pos which 1s in pounds per square foot, 1s the

only dimensional term. Note that formula (9) i1s very
convenlent tc use since the Bessel functlons appear only
in the last term in the form of the sum of the squares.
The last term can be glven directly for a given number

of blades as a functlon of V/c¢c and the angle { only.
As mentloned, the peak pressure corresponds to a value

of B of gbout 120°., Because only this peak pressure

is referred to 1in the present paper, 120° is the wvalue

of B used. This function has been plotted for two-,
four-, six-, and eight-blade propellers in figure 3, which

—
2
gives directly the dquantity 10 loglodg_Bqn .

Because the Gutin formula was developed for an alr-
plane resting on the ground, strictly speaking it should
not be ussed for the flight or-even the take-off condition,
Actually the error is very small sc long as the forward
speed 1is small compared with the velocity of sound.

EXAMPLES OF CALCULATIONS AVD MEASUREMENTS

Calculatlions are made for the cruising condition of
a small alrplane A having the followlng specificgtions:

Alrplane speed, miles per hour . . . e e e o s = 75

HOPSEPOWET o o o « o o o o o o s & . e o o o« o s« UbB

Propeller speed, DM + o o o o o o . e « « o« » 2100

Fropeller efficiency, percent . . . « « « . .« 80

Propeller diameter, £t 4« « « s o o « o « o o« o 5.83

Number of propeller blades . « « « . ¢ e e v e e 2
P

square foobt o« ¢ o o o ¢ o o o @
Alrplene Mach numbsr, M ¢« s e o
Propeller~tip Mach number, Mt . e

» * L] .0. .l" L] 6.

* . L . [ ] 00093

e o o » o 0.57

The values of p,, M, and My were obtalned as follows:
Power

0]
o o » Hae ¢« o 8 ¢ =

Propeller disk loadlng, p,, pounds

p =
° Alrplane veloclty X Disk sresa
16 x 550 x 0.8
- 88 Ty L 2
X 2= X — X 3
75 50 L (5.83)

6.9 pounds per square foot
8




NACA TN No. 1145

Airplane valcocity

Specd of sound

_ 75 4 88 R
1120 €0 '
= 0.098
Proveller tip speed o
Mf - Svoaed of sound o T

2100 x 5.837 _ N
1120 x 60 —
= 0.57
From formulae (9), for § = 120°

0.03
T = 118,6 + 20 log,, 6.9 X 0.57‘1.7 ————-é— + 0.5}

L (0.57)2 |
L ~ 2
- 20 log,~ — + 10 log v B
10 0 / qn
' Ry q o

- 118.6 I VoL o2 ,
= 118.6 + 12 ~ 20 logqqg R + 10 logq, /} Bqn (10)
Lo

The velue of the next to last term in formula (10) is

L J— —
20 logig = = O (for I = Rg)
t .
and
300 x 2 . :
20 log;, = 20 x 2,01 = }40 (for I = 300 f%)
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This term gives the dilstance effect. From figure 3 the

an

a two~blade propeller at Y= C. Oh,S The appropriate
Mach number is obtained by using the 0.8 radius as a
reference stetlon and disregerding the forward speed.

v _ ' —
Tl'lus, 'é" e O-8Mt -— O.)—-\L55l

The sound intensity due to the propeller can now
be obtalned sirply by aedding the four terms on the right
hand side of equation (10). TIn the order glven, the
first of these terms 1s a constanmt, the second 1s due to
the disk loading and Mach number of the airplane and
the propeller, the third takes into account the distance
from the propeller, and the fourth 1s a function ohtalned
from flgure 3 for various values of V/c and various
numbers of blades. In the foregoing exampie, therefore,
the sound intensity at a distance c¢f 1 radius from the °
propsller is

T =118,6 + 12 - 0 = 16 = 11L.6  dscibels

valus of the last term is 10 1oglo 2; B 2 = =16 for

At a distance of 300 fset the sound intensity of the same
propeller is

T = 118.6 + 12 = L0 - 16 = 7.6 decibels

The propeller sound Intensities have also been cal-
nulated for a somewhat larger slrplane, which will be
" called airplane B, having the following speclflications:

Alrplane speed, miles per hour + - « . . . e . 165
HOrSepOWET o + ¢ ¢ o o o ¢ o o o o 6 o o s o o o 153
Propeller speed, I'PM » o « « o+ « o s o e v e woe o 2900
Propeller dlameter, feet « + o o« o o o o ¢« ¢ « « 5.5

The detalled calculations for airplane B are omitted.

For comperison, the calculated propeller sound
intensities for alrplenes A and B at a distance of 3 feet
and 300 feet, respectively, are given as

I eat I at
Airolane 2 feet 200 feet
(db) (db)
A 11L. 6 gu.7
B 127 7

10
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The sound energy radliated fram the airplane pro=-
peller may be obtained by use of formula (2). For
simpliceity, the intensitles in g1l directions are assumed
to be constant and equal to the intensity obtained et
f = 120°, eand therefore the total energy radiated
through the surface of a sphers of 300«foot radius is

E

P x Lwrl

T
-15)
10(%5 x h(300 % 30.5)2

(%6-15) .
= 10 X 1.05 x 109 watts

For the nropeller of alrplane A the energy radiated is

consequently
(TasT26)
10\ 10 X 1,05 x 109

= 2 wetts

E

and for airplane B the energy is
87

=1

10\O x 1,05 x 109

H

E

52 watts

n

Strictly speaking, these figures are too high, since the
meximun intensity at 120° was inserted in the formulas
instead of the mean intensity. On the other hand, the
reflection from the ground generally csaused a doubling of
the sound intensities, particularly in the horizontal
planse. The filgures gilven are therefore reasonably
representetive for the sound energy.

Messurements were mads on & certain small alrplane,

which will be called sirplamns (¢, having the following
specificatlons:

11
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Airplane speed, miles per hour
HOTrsSepoWwe?Y o+ o « o o o s o
Propeller speed, rpm . . . .
Propeller diametsr, feolt . .
Number of propeller blades .

s

. 2150

6
2

® 2 8 -

e« & & o
. & e = ¢
« ® ¢ » @
" o ® o @
e & % e e
e ® 4 -« @

Moise intensities were measured in the cablin of this
eairvlane with 2 commercial portable meter; the absolute
readlin;;s are therefore not too accurate. The measure-~
ments were made to give an idea of the noise level for
different flight conditlions and are in falr agreement
with celculatlions made for alrplane A, which this airplane
regsembles, The data obtained for alrplane ¢ are as follows:

pownd tnbenetty [MI2IEN0 | PO
: (mpn) (rpm)
90 to 92 5 1000 |Tazling
ol 0 1500 Magneto check
106 Lo 2300 Take-off
38 to 101 60 2300 Climb
93 to 95 85 2150  |orulsing
8l 65 300 Normeal glide
92 Lanaing approach

Finally, a radlcal modification of alrplsne A is
consldered. This alrplane, which will bs called alr.
plane D, 1s supnosed to employ a fan-type proveller,

The value of the propeller advance ratio is increased from
0,5l for alrplaene A to 1.62 for airplane D by reducing the
tip speed of the propeller in the ratio of 3 to 1. 4n
eight-blade fan-typ= oropeller is chosen for alrplans D
to reduce tke nolse lsvel, TIn order to keen thse induced
lusses of the propeller at a comstant velus, 1t 1s
necessary to increase the disk area in the ratio of the
mass coefficients (reference L), The mass coefficient
for alrplane A at cruising speed is 0,68. For the
projected elght-blade propeller the mass c¢oelfficlent

is 0.8, The disk area must be thus increased in the
ratio of 0,65/0.48 or 1.L1 end the propeller diameter

12
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0,68
for sirplane D becomes 5.83 5 = 6,95 feet. The

18 0.18
disk loading p, for airplane Dis 6.9 % e = 1,9 pounds

per square foot, and the tip Mach number My 1is
% x 0.57 = 0.19.

The proveller sound pressure for the case of air-
vlans D 18 calculated to be about 25 decibels at 1 radius
and about =13 decibels at 300 feet. The value of
-13 decibels means that the sound from the fan-type pro-
peller would be below the threshold of huwan hearing,
since the threshold under idesl conditions is by defini-
tion at O declbel. The sound of the propeller for air-
plane D would be inaudible at =bout 50 feet. Such a
propeller would.be véery heavy, would have to be geared,
and, since it operates at a high advance ratio, would
require a varliable-pitch mechanism. VWhether such changes
can be incorporated will be left unenswersd, as the
problem involves several fields of engineering other
than that of sound end must be arrived at by extensive
compromises or regulatlions inmposed by law.

Recently a serles of tests has been made on two-,
four-, and seven-blade propellers driven by an electric
motors The results of these tests show good asgreement
. with the Gutin formula, perticularly at tip Mach numbers
from 0.5 to 0.9.. The agreement between theory and
experiment is good over a sound energy range of as much
as 10,000 to 1. For conventional propellers, therefore,
the Gutin formula gives the sound oubput correctly. For
e fan-type propeller as suggested for airplane D, the
possibllity exlsts, however, that the sound as.calculated
by the Guitin formula at a sufficlently low level may
become masked by vortex nolses.

The foregoing formulas give physicael noise levels
as measured by . instruments. The sensitivity of the humen
ear is dependent on the frequency, particularly at low
noise levels. A correction factor must therefore be )
anpllied in order to obtain the audibility of a particular
sound. Thus, an indlcated physical reduction is not
necessarily accompanied by a corresponding reduction in
audibility. It should be remembered that the greatest
sensitivity of the ear is in the range- of approximately -
1000 to0 1,000 cycles per sscond, The fundamental of the_;;
propeller nolse 1s therefore rarely audibles. .

13
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The effect of exhaust nolse was studied in connec=
tion with the light alrplanes A and B It 1s contended
that an index of the relative importance of the exhaust
nolse may be obtained by the use of the "masking" effect
of the propeller noise. By masking is meant the properby
of a certain loud nolse to rendsr the ear unable to
perceive a simultansous wesker noisse., If the average
observer 1s uncerteln as to whether he can hear the
weaker nolise, thls nolse is sald to be masked by the
louder one, which 1in the present case 18 the propoller
noise, In such a cese the slimination of the weaker
noise 18 techniecally without merit.

By means of sural listening tests i1t was determlned
that the exhaust nolse on airplane A was drowned out by
the propsller at a speed of about 2100 rpm. Since this
speed 1s about the crulsing speed, the effect of an
exhaust muffler might just be discernible but the
exhaust muffler would not reduce the sound output
appreciably except when the alrplane was 1idling on ths
ground. On a larger airplane, eirplane B for example,
the exhaust nolse was masked at about 1500 rpm. This
speed isg very far from the crulsing speed of the alr-
plane, which is at about 2900 rpm. Alrplans B would
therefore definitely not galn from an improvement in
the muffler.

In order to check these conclusions further, exhaust-
noise messurements were made at a distance of 3 feet from
an unmuffled gasoline engine heving about the same exhaust
frequency and power as a light-alrplanc engine. The
measured values were 02 decibels for idling and 92 declbels
for full power, Since the alrplane engines usually have
shorter exhaust stacks than the engine tested, it may
be assumed that the exhaust nolse of a light-asirplane
engine is 95 to 100 decibels at a distance of 3 feet
from the exhaust opening. By use of these values for
the exhaust intensity, the combined exhaust and pro=-
vellor nolse 1s computed by means of formulas (3)
end (7). Thus, the following table 1s obtained:

Azsumed calculated ng?iggdaﬁgo-
Airplane exh:%sg ?gise prozil%eﬁtnoise exhaust nolse
' ' at £t
(db) @) | e
A 95 11l.6 11l. 68
B 100 127.0 127.01

L



NACA TN No. 1145

The foregoing table shows that the comblned engine
and exhaust nolss 1s absolutely indistingulsheble from
the propeller nolse alone even when the relatively high
sound intensity level of 95 to 100 decibels 1s used for
the exhaust nolse. Conversely, i1t is to bse noted that
if or when the propeller ig silenced & "perfect" mufflexr
will be required on the exhaust, since the exhaust noise
must be brought down to approximately the same level.

CONCLUSTIONS

1, Extensive measurements on meny propellers at
the Langley Memorial Aeronautical Leboratory show that
the Gutin formula gives the sound level for propellers
at low forwerd speeds wlth adequate accuracy; therefore
the necessity for measurements of the propesller noise no
longer exlsts.

2. A type of msasurement of the relative level of
the exhaust noise is indiceted. A masking of the. exhaust
noelse by the propeller nolse at a certain low speed and
fractional power is a condition necessary to insure
adequate muffling. The exhaust noise should not be
audlible through the propeller noise at some glven low
propeller speed. The sound is dominated by the propeller
to such an extent that excessive muffling ls useless in
the average case.

%, A general large reduction in the sound level
of an airplane can be achieved only by extensive and
radical changes in the design of the propeller. The
nolse from & fan-type propeller is shown to be
practically inaudible. In such a case perfect muffling
1s necessary and permlssible. The imaginary alrplane
considered, with & low-tip-speed fan-typoe propeller and
presumably & perfect muffler, is virtually lnaudible at
less than 300 feet (except for possible vortex nolses).

. Tt is evident from the theoretical formulas
presented that the main and esssntial factor in propeller
noise reduction is the propeller tip speed and the second
factor is the number of propeller blades, Whether any
practical epplication can be made by incorporating
features of the fan-type propeller will depend on

15



NACA TN No. 1145

conditions beyond the gcope of this paper. No other
solution is avallable for & propeller-driven alrplane.

Langley Mbmoriai Aefonautical Labeoratory
National Advisory Committee for Aeronautics
Langley Field, Va., June 3, 1946
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Flgure 2.=- Function qn:an(qn oy sin ;3) for wvarious

values of V/¢ =and B.-
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V/e of effective propeller radlus

Figure 3.- Functlon 10 1og10 > Bqna for
q

various numbers of propellsr bladses.

Fig. 3



